Unfolded and partially unfolded proteins participate in a wide range of biological processes from pathological aggregation to the regulation of normal cellular activity. Unfolded states can be populated under strongly denaturing conditions, but the ensemble which is relevant for folding, stability, and aggregation is that populated under physiological conditions. Characterization of nonnative states is critical for the understanding of these processes, yet comparatively little is known about their energetics and their structural propensities under native conditions. The standard view is that energetically significant coupled interactions involving multiple residues are generally not present in the denatured state ensemble (DSE) or in intrinsically disordered proteins. Using the N-terminal domain of the ribosomal protein L9, a small α-β protein, as an experimental model system, we demonstrate that networks of energetically significant, coupled interactions can form in the DSE of globular proteins, and can involve residues that are distant in sequence and spatially well separated in the native structure. X-ray crystallography, NMR, dynamics studies, native state pK a measurements, and thermodynamic analysis of more than 25 mutants demonstrate that residues are energetically coupled in the DSE. Altering these interactions by mutation affects the stability of the domain. Mutations that alter the energetics of the DSE can impact the analysis of cooperativity and folding, and may play a role in determining the propensity to aggregate.
Unfolded and partially unfolded proteins participate in a wide range of biological processes from pathological aggregation to the regulation of normal cellular activity. Unfolded states can be populated under strongly denaturing conditions, but the ensemble which is relevant for folding, stability, and aggregation is that populated under physiological conditions. Characterization of nonnative states is critical for the understanding of these processes, yet comparatively little is known about their energetics and their structural propensities under native conditions. The standard view is that energetically significant coupled interactions involving multiple residues are generally not present in the denatured state ensemble (DSE) or in intrinsically disordered proteins. Using the N-terminal domain of the ribosomal protein L9, a small α-β protein, as an experimental model system, we demonstrate that networks of energetically significant, coupled interactions can form in the DSE of globular proteins, and can involve residues that are distant in sequence and spatially well separated in the native structure. X-ray crystallography, NMR, dynamics studies, native state pK a measurements, and thermodynamic analysis of more than 25 mutants demonstrate that residues are energetically coupled in the DSE. Altering these interactions by mutation affects the stability of the domain. Mutations that alter the energetics of the DSE can impact the analysis of cooperativity and folding, and may play a role in determining the propensity to aggregate.
protein folding | protein stability | ϕ-value analysis | double-mutant cycle T he properties of nonnative states of proteins have attracted considerable attention because they can play critical roles in cell signaling, translocation across membranes, temperaturesensitive phenotypes, and in a wide range of protein deposition diseases (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The properties of unfolded states are also relevant to any discussion of intrinsically disordered proteins (IDPs) (1) . The denatured state ensemble (DSE) can be populated under strongly denaturing conditions and studied at equilibrium; however, the physiologically relevant DSE is the state that is in equilibrium with the folded state under native conditions. This state is difficult to study directly and most studies of the DSE under native conditions have made use of indirect approaches. Nevertheless, experimental and theoretical work has shown that the DSE populated under physiological conditions is not a random coil, but can contain native and nonnative structure, stabilized by local and nonlocal interactions. However, very little is known about the energetics of these interactions, particularly ones involving residues distant in sequence, or about energetically coupled interactions involving multiple residues in the DSE (15) (16) (17) (18) (19) . These are a critical piece of the folding puzzle; they impact protein aggregation and folding, and have important implications for the properties of IDPs. Recent studies offer evidence for hydrophobic clusters, electrostatic interactions, and residual secondary structure in the DSE under near-native conditions (20) (21) (22) . This naturally leads to the questions of how DSE interactions contribute to protein stability and folding, and if networks of coupled interactions occur in the DSE. The energetics of DSE interactions are not nearly as well understood as native state interactions, and the possibility of networks of interactions in the DSE are generally not considered. Such effects, were they to exist, could have a significant impact on protein stability, on the analysis of cooperative interactions, and on protein folding. They could also impact the propensity of proteins to aggregate.
Here we show that energetically significant nonnative and native interactions, involving multiple residues that are distant in the primary sequence and spatially well resolved in the native structure, can form in the DSE of globular proteins. The interactions include hydrophobic clusters as well as electrostatic interactions and are coupled in the sense that perturbing one interaction modulates others. Altering these interactions by mutation affects protein stability and can complicate the analysis of the coupling in the native state and folding, if they are not accounted for.
Results and Discussion
The N-terminal domain of the ribosomal protein L9 (NTL9) is used as a model system for these studies. It adopts a common α-β structure, folds in an apparent two-state manner as judged by extensive equilibrium and kinetic studies (Fig. 1A) (21, (23) (24) (25) (26) . Of particular interest is the observation of nonnative interactions in the DSE of NTL9 involving K12 (21, 24) . Replacement of K12 by Met increases the stability of the domain by 1.9 kcal mol −1 , a result which is thought to be dominated by DSE effects (21, 24) . Significant interactions have been observed in the DSE of Significance Unfolded and partially unfolded proteins participate in a wide range of biological processes from pathological aggregation to the regulation of normal cellular activity. Characterization of nonnative states is critical for the understanding of these processes, yet comparatively little is known about their energetics and their structural propensities under native conditions. We demonstrate that energetically important interactions, which involve multiple residues and which include significant nonnative effects, can form in the denatured state ensemble (DSE) of globular proteins, and can involve residues that are distant in sequence and spatially well separated in the native structure. Mutations that alter the energetics of the DSE can impact the analysis of cooperativity and folding, and could modulate the propensity to aggregate.
other proteins, thus NTL9 is not an isolated example (4, 10, 14, 18, 22, 27) .
Thermodynamic Analysis Reveals that K12 is Coupled to an Extensive Set of Hydrophobic Residues in the Denatured State Ensemble. We used standard double-mutant cyclic analysis to measure the apparent thermodynamic coupling between K12 and 15 different core residues to test for the presence of energetically significant interactions (Figs. 1B and 2 A-C and Tables S1 and S2) (28) . Doublemutant cycle analysis is the classic method to detect energetic coupling between residues; the observation that a double mutant has a larger effect on protein stability than expected from the sum of the effects of the two single mutants indicates an energetic coupling (29) (30) (31) . The analysis is commonly described by a 2D cycle, a thermodynamic square, in which the free energy of the DSE is assumed not to be perturbed. A rigorous description requires a thermodynamic cube that includes potential DSE effects (Fig. 1B) (30, 32) . The original work on double-mutant cycles carefully pointed out the necessity to consider the DSE, but DSE effects have often been ignored since then (31) .
K12 is on the surface of the protein and its e-amino group is completely exposed to solvent in the native state (Figs. 2C and  3A) . The mutated sites are distributed widely throughout the native structure with distances to K12 ranging from 6.0 Å to 23.5 Å (Fig. 2 and Table S2 ). Two of the mutated residues (A22 and A42) are fully exposed to solvent. All of the mutants are folded and exhibit cooperative unfolding transitions. Surprisingly, the doublemutant cycle analysis showed that 14 out of 15 of these residues are strongly thermodynamically coupled with the e-amino group of K12, despite the fact that none of them makes direct contact with K12 in the native state, and despite the fact that the e-amino group in the K12 side chain is solvent exposed (Fig. 2) . The average interaction free energy between K12 and these 14 residues is −0.97 ± 0.41 kcal mol −1 and there is no correlation between the distance from K12 in the native state and the interaction free energy (Fig. 2B and Table S2 ). The simplest interpretation of this data set is that the mutations alter DSE interactions, and that this contributes to the observed interaction free energies. Some of the effects likely include partial contributions from alteration of native state interactions, but the data presented below show that DSE effects play an important role.
The K12M Mutation Does Not Affect the Structure or Dynamics of the Native State of NTL9. Structural changes induced by mutation can propagate through the tightly packed hydrophobic core of proteins and can generate cooperative coupling between distant residues (33) . However, the side chain of K12 is solvent exposed, and it is difficult to imagine how K12 could form a network involving 14 of 15 hydrophobic core residues, many of which are well separated from each other in the native structure. Our highresolution crystal structures and NMR studies show that the K12M mutation does not alter the native state structure. We solved the structure of wild-type and K12M NTL9 at 1.9 Å and 1.25 Å resolution, respectively ( Fig. 3A and Table S3 ). The two structures are virtually identical, with a backbone root-meansquare deviation of 0.70 Å for residues 1-51. The C-terminal five residues are partially flexible and are not well-defined in the Two residues, A and B, can be thermodynamically linked through either the native state or the DSE or both. ΔG°E AB , ΔG°E A , ΔG°E B , and ΔG°E represent the unfolding free energies of wild type, a single mutant at site B, a single mutant at site A, and the double mutant, respectively. A negative coupling free energy represents either an unfavorable interaction in the native state or a favorable interaction in the DSE or a combination of both. A negative value will also arise if a favorable DSE interaction is larger than a favorable native state interaction and vice versa. the distance between K12 and the site of mutation in the native state (defined as the distance between the e-amino group of K12 and the closest nonhydrogen atom of residue x). There is no correlation between the coupling free energy and distance. (C) Structure of NTL9. K12 is shown in stick format and the core residues are shown in space filling format. Residues which are apparently coupled to K12 are in green; the one which is not is in silver. (D) A cartoon depicting the potential origin of the coupling in the DSE. Transient hydrophobic clusters, residues depicted as circles, stabilize nonnative electrostatic interactions involving K12. Disruption of the hydrophobic clusters, for example by mutation of Leu to Ala, is predicted to weaken the coupling between K12 and other sites. crystal structures, but have similar chemical shifts in their NMR spectra. The conformations of the residues in the hydrophobic cores of the wild-type and K12M mutant are identical with only one minor exception. The side chain of L47 is rotated about its C α-β bond in the K12M mutant; however, this change is compensated by a rotation of the side chain of I4 about its C α-β bond. The result is that these two residues still occupy the same relative position (Fig. S1 ).
NMR studies provide further evidence that the K12M mutation does not alter the structure. C α proton chemical shifts are very sensitive to local changes in structure, whereas the temperature dependence of amide proton chemical shifts provides information about hydrogen bonding and protein dynamics which may not be probed in static crystal structures (34) . The C α proton chemical shifts and the temperature coefficients of the amide chemical shifts of wild type and K12M are virtually identical (21) (Fig. S2) .
We next examined the effect of the K12 mutation on native state dynamics. Amide H/D exchange rates are sensitive to local and global fluctuations. Previously reported, NMR-detected, H/D exchange experiments conducted under EX2 conditions have shown that the identity of the residues that exchange by local unfolding and those which exchange by global unfolding are the same for wild-type and K12M NTL9, suggesting that the mutation does not perturb the pattern of local fluctuations (21) . 15 N NMR relaxation studies provide a more direct probe of backbone dynamics. There are no changes in NMR-detected backbone dynamics in the K12M mutant compared with wild type. We measured 15 N order parameters for both wild-type NTL9 and the mutant, and the values are identical within the experimental uncertainty (Fig. 3B) .
A further probe of the consequences of the K12 mutation is provided by native state pK a measurements for the six acidic residues in wild-type NTL9 and in the K12M mutant. pK a measurements report native state electrostatic energetics and are a sensitive probe of the effect of mutations (35) . The pK a values are identical in the two proteins, indicating that the mutation does not perturb native state electrostatic interactions involving the acidic side chains (Table S4) (21, 24 The thermodynamic studies indicate that K12 is coupled to a multitude of hydrophobic sites. A cartoon representative of how this might occur is depicted in Fig. 2D . We hypothesize that nonnative electrostatic interactions in the DSE involving K12, and for example D8, are energetically linked to the formation of transient hydrophobic clusters in the DSE. Mutation of D8 has been shown to modulate the DSE, consistent with this hypothesis (24) . K12 and D8 do not interact in the native state. The two side chains project in different directions and the shortest distance between the e-nitrogen of K12 and the carboxylate of D8 is 14.8 Å; the K12 mutation does not perturb the native state pK a of D8 (Table S4) . Our model provides another testable prediction: weakening the hydrophobic clusters should diminish the apparent coupling between K12 and other residues in the DSE.
A set of three triple mutants was prepared to compare the strength of the coupled interactions in the context of two different backgrounds that modulate DSE hydrophobic clusters. We used wild-type and hydrophobic core mutants as the backgrounds, and measured the apparent coupling between K12 and other hydrophobic sites. If K12 is energetically linked to hydrophobic clusters in the DSE, then the measured coupling free energies should be weaker in hydrophobic core mutant backgrounds that reduce these interactions. This is exactly what we observed. The analysis shows that the strong coupling observed in wild-type NTL9 is abolished or weakened significantly in all of the mutant backgrounds (I4A, A22G, L35A, A36G, A42G, and L47A) (Table S5 and Fig. 4) . The coupling free energies between a given pair of residues were found to be strongly dependent upon the choice of background, with differences ranging up to as large as 1.68 kcal mol −1 , for residues A22 and L47. The differences are significant and are larger than or comparable to the measured coupling free energies (Table S5 and Fig. 4) .
Our model makes an additional prediction: disruption of the nonnative K12 DSE interactions should alter DSE interactions that involve other residues. The data for the sets of triple mutants can be reanalyzed to obtain apparent coupling free energies between two hydrophobic residues in the wild-type and K12M backgrounds. This produces a second test of the presence of DSE interactions because the structure, dynamics, and pK a values of the native state of the two proteins are identical. Any significant difference in the interaction free energy for a pair of residues in these two backgrounds is thus, at least in part, attributed to changes in their DSEs.
We measured the strength of the coupling interactions between three sets of residues (A22-L47, A36-A42, I4-L35) which are, respectively, 19.8, 15.2, and 12.9 Å away from each other in the native structure (Fig. S3) . The coupling free energy between A22 and L47 measured in the wild-type background is −0.43 ± 0.22 kcal mol −1 , but is 1.25 ± 0.53 kcal mol −1 in the K12M background (Fig. S3) . We also compared the coupling free energy of A36 and A42 in the two proteins. No coupling is observed in the wild-type background (−0.10 ± 0.22 kcal mol ), but there is a 1.05 ± 0.45-kcal mol −1 coupling interaction in the K12M background (Fig. S3) . The coupling free energy for I4 and L35 is 0.21 ± 0.44 kcal mol −1 in the wild-type background and 1.65 ± 0.35 kcal mol −1 in the K12M background. The changes in the coupling free energies between the different backgrounds are large, and are significantly greater than the experimental uncertainty. These significant differences are fully consistent with the hypothesis that the DSE of the wild type is different from the DSE of K12M NTL9.
The m values of the mutants are similar to the wild-type value (Table S1 ). This may appear surprising because mutations that impact the DSE often alter m values; however, not all mutations that affect the DSE lead to detectable changes in m values (36) (37) (38) (39) . In addition, the NTL9 m value is small because the protein is small and because it was measured using urea denaturation. As a consequence, even a significant relative change of the difference in solvent accessible surface area (ΔASA) between the native and DSE leads to a small change in m. A 25% change in ΔASA is predicted to lead to only a 0.08-kcal
per mol change in m for NTL9 (40) . Urea m values are also believed to be more sensitive to changes in the buried amide surface area than to changes in the buried surface area of hydrocarbon. This likely contributes to the effects seen here because the mutations impact hydrophobic clusters and have less effect on residual secondary structure in the DSE (41) . The major element of partially formed secondary structure in the DSE of NTL9 is the C-terminal helix, which can form in isolation in the absence of longer range contacts (42) . The K12 DSE electrostatic interactions should be reduced at low pH because K12's interaction partners will be protonated. Our model predicts that this will reduce the coupling between K12 and the hydrophobic residues in the DSE. To test this hypothesis, we measured the coupling between K12 and A22 as a function of pH from pH 6 to pH 2 (Fig. 5A) . The wild type and mutants are fully folded over this pH range (Fig. 5B) . The coupling is much weaker at low pH even though K12 does not titrate over this pH range and even though the K12M mutation does not affect the native state pK a s of the acidic residues. The pH-dependent effects are due to titration of the acidic residues in the DSE. At low pH the acidic residues are protonated in the DSE, which abolishes their favorable electrostatic interactions with K12. Loss of these interactions in turn weakens the measured coupling between A22 and K12. This experiment shows that the network of long-range interactions between K12 and the hydrophobic residues in NTL9 is mediated, at least in part, by DSE electrostatic interactions involving K12 and the acidic residues.
Conclusions
The pH-dependent experiments, structural and dynamic studies, and the analysis of 24 sets of double-mutant cycles show that K12 is thermodynamically coupled with hydrophobic clusters in the DSE. The analysis shows that energetically significant coupled interactions can be present in the DSE of globular proteins and Fig. 4 . Double-mutant cycle analysis reveals significant coupling in the DSE which is modulated by mutation. Couplings are large in the wild type, but are significantly reduced in mutants which weaken DSE hydrophobic clustering. (A) I4 and K12 measured in wild-type and in the L35A backgrounds, (B) A22 and K12 measured in wild-type and in the L47A backgrounds, and (C) A36 and K12 measured in wild-type and the A42G backgrounds. The data can be reanalyzed to provide the couplings between K12 and L35 in the wild-type and the I4A backgrounds, between K12 and L47 in the wild-type and the A22G backgrounds, and between K12 and A42 in the wild-type and the A36G backgrounds.
can be altered by mutation, an observation that is at odds with more traditional views of the DSE. These studies complement investigations which have demonstrated that mutations can alter the structural and dynamic properties of unfolded states by illustrating that mutations can also significantly impact DSE energetics and modulate coupled interactions in the DSE. The interactions studied here almost certainly involve residues which are well separated in primary sequence, and thus extend observations on the impact of altering local-and midrange interactions in the DSE (38, 43) .
The present study illustrates how DSE effects can complicate double-mutant cycle studies, and impact the analysis of native state coupling networks; DSE effects could even lead to misleading conclusions about long-range coupling interactions in the native state. For the mutations examined here, a double-mutant cycle analysis that ignores DSE effects would lead to the conclusion that there was significant long-range coupling in the native state between K12 and a large number of hydrophobic residues, and would fail to reveal the contribution of the DSE.
Modulation of DSE interactions can also impact the analysis of protein folding by impacting Φ-values. The Φ-value is defined as the ratio of the change in the transition state free energy upon mutation relative to the change in equilibrium stability:
Φ-values have a powerful structural interpretation if the mutation does not alter DSE energetics. In this case, they report the development of interactions in the transition state and, for native interactions, represent the degree to which the interaction has developed. The situation is somewhat different if the mutation perturbs the energetics of the DSE ensemble, particularly if it modulates nonnative interactions. In this case a small Φ-value indicates that the nonnative interaction persists in the transition state (25) . The Φ-value for the K12M mutation in NTL9 provides an example. The value measured in the wild-type domain is 0.26, indicating that the nonnative K12 DSE interactions persist, in part, in the transition state for folding (25) . This is interesting in the context of recent long-time molecular dynamics simulations which suggest that native interactions dominate transition paths (44, 45) . The present work together with studies of SH3 domains highlights the role nonnative interactions can play in the transition state for folding (38) . We measured the Φ-value for K12 in the 15 different mutant backgrounds used for the coupling analysis to explore how altering the DSE can impact Φ-values. We observed values ranging from 0.39 to 0.86. The changes in equilibrium unfolding free energy were large enough to ensure that each Φ-value was reliable ( Fig. 6 and Table S6 ). A simple, unifying explanation for the wide range of values observed for this solvent-exposed surface site is that the second site mutations alter the energetics of the DSE and perturb the nonnative interactions made by K12 in the DSE.
The data reported here illustrate the importance of considering DSE effects when analyzing protein stability, thermodynamic cooperativity, native state coupling networks, and protein folding. There is growing evidence that the DSE can be compact under native conditions and can form native and nonnative clusters of hydrophobic residues, native and nonnative secondary structure, and even nonnative electrostatic interactions, thus the NTL9 is unlikely to be a special case (10, 12, 14, 18, 22, 27, 46, 47) . NTL9 is emerging as a popular system for long molecular dynamics simulations and the data presented here will help provide a rigorous benchmark for these efforts (45, (48) (49) (50) .
Methods
Protein expression and purification were performed as described previously (21) . Protein stability was measured by urea chemical denaturation as described previously (21) . Unfolding was monitored using the CD signal at 222 nm. Crystallography. Crystals were obtained at 25°C by the hanging-drop vapor diffusion method. Diffraction data for wild-type and the K12M mutant of NTL9 were collected at the National Synchrotron Light Source at Brookhaven National Laboratory at a wavelength of 1.1 and 1.0 Å, respectively. The structure of the K12M mutant was solved (Table S3) by single isomorphous replacement with anomalous scattering. The structure of wild-type NTL9 was solved by molecular replacement using the K12M mutant as a search model. The conformation of the five C-terminal residues in the wild-type protein could not be determined due to a lack of electron density, indicating that these residues are likely flexible. In the K12M mutant the chain could be extended by one residue; however, the B factors for this residue and adjacent residues were very high. The structures have been deposited in the Protein Data Bank (PDB), ID codes 2HBB and 2HBA for NTL9 wild type and K12M NTL9, respectively. Details of crystallization and data collection are given in SI Methods.
NMR 15 N-labeled wild-type NTL9 and the K12M mutant at 25°C .Order parameters were calculated using the Modelfree (51) approach. Details of NMR data collection and processing are given in SI Methods.
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Supporting Information
Cho et al. 10 .1073/pnas.1402054111 SI Methods X-Ray Data Collection and Analysis. Wild-type NTL9 and the K12M mutant were lyophilized and dissolved in 20 mM sodium acetate (pH 6.5), 100 mM sodium chloride at a final protein concentration of 70-80 mg/mL. Crystals were obtained at 25°C by the hanging-drop vapor diffusion method against a reservoir solution containing 10 mM imidazole (pH 8.0), 200 mM Zn acetate, and 2.5 M sodium chloride.
Diffraction data for wild type and the K12M mutant of NTL9 were collected on beamline X26C at the NSLS at Brookhaven National Laboratory at a wavelength of 1.1 and 1.0 Å, respectively. Data were indexed, integrated, and scaled using the program HKL (1) . Diffraction data for the Pt derivative of K12M NTL9 were collected at a wavelength of 1.54 Å on a Rigaku RAXIS-IV ++ detector using a Rigaku RU-H3R rotating anode X-ray generator. Experimental phases were calculated to a resolution of 3.5 Å with the program SOLVE/RESOLVE (2). The model was manually built with the program O (3). The structure of the NTL9 wild type was solved by molecular replacement with MOLREP (4) at a resolution of 4.0 Å using the K12M mutant as a search model. Structural figures were generated using PyMOL v0.97 (http://pymol.sourceforge.net/) and VMD (www.ks.uiuc.edu/ Research/vmd/). .
[S1]
15 N R 1 , R 2 , and { 1 H} 15 N-NOE experiments were collected on a Varian 500-MHz spectrometer with a cryogenic probe for both 15 N-labeled wild-type NTL9 and K12M mutant at 25°C. Samples were 1.0 mM in 90% H 2 O/10% D 2 O, 20 mM sodium acetate, 100 mM sodium chloride, and pH 5.5. For R 1 measurements, 13 spectra were collected using inversion-recovery sequence with relaxation delays of 22(×2), 52, 102, 202(×2), 302, 402, 502, 602 (×2), 702, and 802 ms. For R 2 measurements, 13 spectra were collected using the Carr-Purcell-Meiboom-Gill sequence with relaxation delays of 14(×2), 26, 38, 50(×2), 62, 74, 86(×2), 98, 110, and 122 ms. { 1 H} 15 N-NOE experiments were performed by collecting two spectra with and without proton saturation for 5 s. The relaxation rates were analyzed using NMRViewJ (5) . Order parameters were calculated with the FAST-Modelfree program (6) .
Protein Stability Measurements. ΔG O of unfolding was determined using urea denaturation as previously described (7, 8) . Data were analyzed using the linear extrapolation method (LEM), which represents ΔG O as a function of urea as
where ΔG O (H 2 O) is the stability, defined as an unfolding free energy, in the absence of urea. The method has been well validated for NTL9, and the stability of the wild-type protein determined by urea denaturation and the LEM methods is in excellent agreement with the stability derived from amide H/D exchange, or from using the Gibbs-Helmholtz equation to extrapolate thermal unfolding data, or by direct measurement of the folding and unfolding rate using urea jump stopped flow experiments. The validity of the method requires that the freeenergy difference between the native state and DSE is a linear function of denaturant, but does not require that the DSE is invariant to denaturant concentration.
The m value cannot be directly determined for the K12M mutant, owing to the high stability of the protein, and thus the wild-type m value was used to analyze the urea unfolding curve. Note that the m values of the other mutants are similar to the wild-type m value, suggesting this is an excellent assumption. Importantly, the stability of K12M NTL9 has been independently measured via amide H/D exchange, which yields a value for ΔG O that agrees with that estimated from assuming that the equilibrium m values of the mutant is similar to wild type (7) . Thus, the estimated stability of the K12M mutant in buffer is robust. In principle, one can use the m values and values of ΔG O (H 2 O) to estimate protein stability at intermediate concentrations of urea to determine if thermodynamic coupling still exists at intermediate concentrations of urea. However, the potential uncertainly in the m value for the K12M mutant means that this procedure will lead to larger uncertainties.
For the lowest pH values in the pH-dependent stability experiments, thermal unfolding was used to determine protein stability because the buffering capacity of urea requires large additions of acid to reach the lowest pHs; this can alter the ionic strength of the solution. ) of the amide proton temperature coefficients. There is no noticeable deviation between the two proteins. Only three sites showed differences ranging between 10% and 12.5%, whereas the other sites displayed smaller changes. The average difference (excluding these three sites) between wild type and K12M is 2.7 ± 4.0%. Thus, the lack of any change provides additional evidence that the structure of the mutant is not changed. The numbers after the ± symbol represent the propagated uncertainties. ‡ Differences in the coupling free energy (ΔΔG°x ,y ) measured in the two backgrounds. 
